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Prior  research  suggests  that  increased  adolescent  risk-taking  in  the presence  of  peers  may
be linked  to  the  inﬂuence  of  peers  on the  valuation  and  processing  of  rewards  during
decision-making.  The  current  study  explores  this  idea  by examining  how  peer  observa-
tion  impacts  the  processing  of  rewards  when  such  processing  is  isolated  from  other  facets
of risky  decision-making  (e.g.  risk-perception  and  preference,  inhibitory  processing,  etc.).
In an  fMRI  paradigm,  a sample  of  adolescents  (ages  14–19)  and  adults  (ages  25–35)  com-
pleted  a modiﬁed  High/Low  Card  Guessing  Task  that included  rewarded  and  un-rewarded
trials.  Social  context  was  manipulated  by having  participants  complete  the  task  both  alone
and while  being  observed  by two,  same-age,  same-sex  peers.  Results  indicated  an  inter-
action of age  and  social  context  on the  activation  of  reward  circuitry  during  the  receipt  of
reward;  when  observed  by peers  adolescents  exhibited  greater  ventral  striatal  activation
than  adults,  but  no  age-related  differences  were  evinced  when  the  task  was  completed
alone.  These  ﬁndings  suggest  that, during  adolescence,  peers  inﬂuence  recruitment  of
reward-related  regions  even  when  they  are  engaged  outside  of  the  context  of  risk-taking.
Implications  for  engagement  in  prosocial,  as  well  as  risky,  behaviors  during  adolescence
are  discussed.
© 2014  The  Authors.  Published  by Elsevier  Ltd.  This  is  an  open  access  article  under  the  CC
Y-NC-NB
. Introduction
One hallmark of adolescent risk taking is that, more
ften than not, it occurs in the presence of peers (for recent
eview, see Albert et al., 2013). Although the customary
xplanation of this phenomenon assumes that it arises
rom  explicit peer pressure to engage in risky behaviors,
xperimental studies of the “peer effect” on adolescent risk
aking  have demonstrated that the mere presence of peers
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878-9293/© 2014 The Authors. Published by Elsevier Ltd. This is an open acce
icenses/by-nc-nd/3.0/).D license  (http://creativecommons.org/licenses/by-nc-nd/3.0/).
can increase adolescents’ risk taking even when the ado-
lescents are prohibited from directly communicating with
each  other (Chein et al., 2011; Smith et al., 2014), an effect
that  is not seen among adults. This ﬁnding suggests that a
process  other than explicit encouragement to behave reck-
lessly  explains why  adolescents, but not adults, are more
likely  to take risks when with their friends.
One explanation suggested by prior work is that, during
adolescence, the presence of peers affects the way  in which
rewards are valuated and processed. In behavioral stud-
ies,  for example, adolescents who  are being watched by
peers  are more oriented toward immediate than delayed
rewards (O’Brien et al., 2011; Weigard et al., 2013), and
more  inclined to pursue rewards even in the face of likely
negative outcomes (Smith et al., 2014). Prior neuroimaging
work further shows that during a risk-taking task, being
ss article under the CC BY-NC-ND license (http://creativecommons.org/
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observed by peers produces heightened activation selec-
tively  in brain areas associated with reward processing
(e.g., the ventral striatum, VS), and not in other brain
regions engaged by the task (e.g., lateral prefrontal cortex,
lPFC)  (Chein et al., 2011). Consistent with the behavioral
evidence, this increased activation during peer observation
is  found among adolescents, but not among adults.
These ﬁndings suggest that adolescents’ relatively
stronger inclination to behave recklessly in the presence of
peers  is due speciﬁcally to the impact of peers on reward
sensitivity, which is likely mediated by engagement of
reward  processing regions, speciﬁcally the VS. However,
the  paradigms previously used to investigate this effect
conﬂate reward processing with other facets of risky deci-
sion  making, such as risk preference and self-regulation,
making it difﬁcult to determine whether reward processing
per  se is speciﬁcally impacted by the presence of peers,
or  whether some more complex interaction between self-
regulatory and affective processes operative during risky
decision  making might underlie this effect. In the present
study, we therefore examine the peer effect on reward
processing using a task in which no explicit risk is involved.
There are no prior studies investigating how peers
impact age differences during reward processing, but there
have  been several studies of age differences in reward sen-
sitivity  when individuals are alone (e.g., Bjork et al., 2004;
Galvan  et al., 2006; Padmanabhan, Geier, Ordaz, Teslovich,
&  Luna, 2011; Van Leijenhorst et al., 2009). Several such
studies report age differences in striatal engagement dur-
ing  reward processing. The majority of studies show that
relative  to both children and adults, adolescents are more
sensitive to rewards and show greater striatal activation in
brain  regions typically associated with reward processing
(Barkley-Levenson and Galvan, 2014; Christakou et al.,
2011;  Galvan et al., 2006; Galvan and McGlennen, 2013;
Geier  et al., 2010; Hoogendam et al., 2013; Jarcho et al.,
2012;  Padmanabhan et al., 2011; Van Leijenhorst et al.,
2009).  There are also several studies, however, reporting a
dampened  striatal response to reward during adolescence
(Bjork et al., 2004, 2010; Hoogendam et al., 2013; Lamm
et  al., 2014) and others that do not ﬁnd any effect of age
on  striatal response (Benningﬁeld et al., 2014; Krain et al.,
2006;  Teslovich et al., 2013; Van Leijenhorst et al., 2006).
Despite these inconsistencies in the literature, which are
likely  due to differences in the speciﬁc tasks employed
and the speciﬁc stages of reward processing under inves-
tigation (e.g., anticipation or receipt) (for recent review,
see  Richards et al., 2013), the weight of the available evi-
dence  seems to indicate increased striatal responding to
rewards  during adolescence. Whether this age difference
in  the activation of reward circuitry is moderated by the
presence of peers, and whether any such moderating inﬂu-
ences  arise during reward anticipation, reward receipt, or
both,  is unknown.
The  current study uses functional magnetic resonance
imaging (fMRI) to examine age differences in neural
engagement during peer observation when participants
perform a reward-processing task that involves no risk tak-
ing  (i.e., there is no response that can be thought of as
inherently more “safe” or more “dangerous”). We  tested
three  hypotheses. First, we hypothesized that adolescentse Neuroscience 11 (2015) 75–82
would show greater activation than adults in the VS during
the  anticipation and receipt of reward. Second, we hypoth-
esized  that adolescents’ activation of this region (either
during the anticipation or receipt of reward) would be
greater in the presence of peers than when alone. And third,
we  hypothesized that the impact of peers on activation of
the  VS would be seen among adolescents, but not adults.
2.  Method
2.1. Participants
Twenty adolescent participants (ages 14–19 years,
M = 16.7, SD = 1.5, 10 females), and 20 adult participants
(ages 24–32 years, M = 26.7, SD = 2.3, 10 females) provided
data for the study. The demographics were as follows:
43% Caucasian, 25% African American, 20% Asian, and 12%
Unknown. The two  age groups did not differ with respect
to  race, X2(3,40) = 5.48, p = 0.14. Informed consent was
obtained from each participant aged 18 and older, and
parental consent and youth assent were obtained from
each  participant aged 17 and younger. All procedures were
reviewed  and approved by the university’s Institutional
Review Board. Participants received monetary compen-
sation ($35) for their participation. To keep participants
motivated throughout the experiment, they were informed
that  an additional bonus payment (up to $15) would be pro-
vided  based on their overall task performance. In actuality,
all  participants received the bonus.
2.2. Procedure
The current study was  part of a larger fMRI experiment
in which we  systematically varied the social context (i.e.,
alone  versus peer observation, as described below) under
which  individuals were tested. While in the scanner, par-
ticipants completed 6, 8-min rounds of the High/Low Card
Guessing Task (described below) and 2, 5-min rounds of a
Delay  Discounting Task. The order of tasks was  the same for
all  participants: 3 runs of the Card Guessing Task, followed
by  2 runs of Delay Discounting, then the social condition
was  switched and 3 additional runs of the Card Guessing
Task (but no additional runs of Delay Discounting) were
completed. Only the results of the Card Guessing Task are
presented in this manuscript, since the Delay Discounting
task was  not administered with a within-subjects social
context manipulation.
2.3.  Task design
The  current study employed a modiﬁed version of the
High/Low Card Guessing Task (adapted from Delgado et al.,
2003)  administered on a computer inside the scanner
(Fig. 1a). This reward processing task required participants
to  make a series of uninformed guesses about whether a
number  hidden on the reverse side of each card in a vir-
tual  stack of cards would be higher or lower than 5. It is
important to note that although the task does involve a
simple  decision (a guess) that may  encourage some degree
of  internal deliberation, it does not involve risky decision
making, because the guesses made by the participants are
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Fig. 1. High/Low Card Guessing Task. (a) We used a modiﬁed version of the High/Low Card Guessing Task (original task, Delgado et al., 2003). (b) Anticipatory
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ot reliably related to any speciﬁc outcome contingencies,
r a choice between a risky versus safe option.
At the beginning of each trial, the back face of the card
as shown along with an image that speciﬁed the poten-
ial  reward value of the trial, serving as a reward “cue”
2000 ms). Each reward cue showed a stack of coins col-
red  according to the magnitude of the reward that would
e  earned with a correct guess about that card, with three
ue  types: large reward (all of the coins in the stack colored
old),  small reward (a small portion of the coins colored
old, the remainder in gray), or no reward (all coins shown
n  gray) (Fig. 1b). Participants were told that bonus pay-
ents  would be based upon correct guessing in reward
d  trials, but were not told the exact monetary value of
he  reward that could be obtained on each trial.
The cue was followed by a blank screen which lasted for
 jittered interval ranging between 2 and 14 s (exponen-
ially distributed), after which time a prompt appeared on
he  screen (2000 ms)  to signal that the participant should
ress  the button corresponding to his or her guess (higher
r  lower than 5). The reverse side of the card was  then
evealed, showing the number on the card (500 ms), and
hen  feedback was provided – either a stack of coins indi-
ating a correct guess (colored according to the reward
agnitude presented in the cue), or a card with an ‘X’
rawn  through it to indicate an incorrect guess (2500 ms;
ee  Fig. 1c). Each trial was followed by a jittered inter-trial
nterval, again ranging between 2 and 14 s.
On  trials where participants did not respond within
he 2000 ms  window the remainder of the trial occurred
s  though the participant had responded incorrectly, and
hese  trials were excluded from all analyses. Non-response
rials were infrequent (M = 2.55, SE = 0.46) and the number
f  missed trials did not differ by age (F(1,38) = 0.28, p = 0.60,
p
2 = 0.007) or social context (F(1,38) = 0.61, p = 0.44,
p
2 = 0.02).ive potential reward (incorrect outcome).
An important aspect of the task is that, despite
appearing random to the participant, the outcomes of each
trial  were experimentally predetermined such that each
participant experienced the same outcome on each trial,
regardless of his or her guess. This “ﬁxed” event sequenc-
ing  assured a common reward history for all participants
and avoided performance differences that could otherwise
contaminate effects of interest (e.g., age and social context
differences).
Participants completed 6, 8-minute long rounds of the
task  (42 trials each); 3 in each social context. Behavioral
data from the scanner was  acquired and temporally aligned
to  fMRI acquisitions using E-Prime, interfaced with an
LCD  display and a button-press unit (Psychology Software
Tools, Pittsburgh, PA).
2.4.  Manipulation of social context
The social context manipulation was very similar to that
used  in Chein et al. (2011), with the addition of a lap-
top  camera used to enhance the peer interaction between
tasks (described below). Participants brought two, same-
age,  same-sex friends with them to the scanning session,
but  were not told in advance how the peers would be
used  in the experiment. In the Peer condition, participants
were informed that their friends were going to observe
them playing the task on a monitor from the scanner con-
trol  room and would be making predictions about how
they  expected the participant to perform on the task.
Prior to the beginning of the Peer condition, and between
each 8-minute round of the task, the peers were asked
to  communicate with the target participant via the scan-
ner’s  intercom system and the laptop camera. The peers
were  encouraged to speak naturally while indicating their
presence in the control area, their ability to observe the
participant’s task performance on the monitor, and the
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fact that they had made predictions about the participant’s
pending performance (without providing any details about
these  predictions). The peers were instructed to make these
speciﬁc  points during the interaction (e.g., “How are you
doing  in there?” “We’re watching you play.” “Good luck.”),
and  to avoid comments that might explicitly or intention-
ally  bias the participant’s behavior. In the Alone condition,
participants completed the task with no observers. All par-
ticipants  completed the task both in the Alone condition
and the Peer condition, with the order of social context
counterbalanced across participants.
2.5. fMRI data acquisition
Subjects  were scanned using a 3-Tesla Siemens mag-
net  located at Temple University Hospital, equipped
with a 12-channel phased array transmit/receive head
coil.  A T-1 weighted magnetization-prepared rapid-
acquisition gradient echo (MPRAGE) image, collected
in the sagittal plane, provided high-resolution struc-
tural images for co-registration of functional images and
inter-subject normalization. Each functional scan of the
task  included 240 acquisitions collected with a whole
brain T2*-weighted echoplanar imaging (EPI) sequence
(TR  = 2000 ms,  TE = 30 ms,  ﬂip = 90◦, 4-mm slice thickness
with no gap, 220 ﬁeld of view, 3.4 mm × 3.4 mm in-plane
resolution).
2.6. fMRI data analysis
All  fMRI data analyses were performed using AFNI
(Cox, 1996). The functional data were preprocessed in sev-
eral  steps. First, data were interpolated to adjust for slice
time  acquisition effects. Next, a six-parameter rigid-body
motion correction was applied and the motion-corrected
functional and structural images were co-registered. All
participants included in the analysis exhibited less than
3-mm  of motion and less than 3 degrees of rotation in
any  direction/axis over the course of the scan. Motion-
corrected images were smoothed with a 6-mm full-width
half maximum Gaussian kernel before applying a mask to
exclude  all voxels outside of the brain. Data were then
converted based on voxel-wise percent signal change (rel-
ative  to the mean value for each voxel across the run),
and  ﬁnally, all functional scans were normalized into
MNI  space using an automated 12-parameter nonlinear
transformation.
The preprocessed data from each participant were
analyzed in an event-related fashion using a general
linear model (GLM) approach, with fMRI time-series col-
lected  during Alone and Peer social contexts modeled
separately. For each social context, both cue-dependent
and outcome-dependent activities were modeled. Ini-
tial  analyses indicated no magnitude-dependent effects
(i.e.,  no differences in activity following large vs. small
reward cues or large vs. small reward outcomes) in task-
dependent regions of interest; therefore, large-reward
and small-reward trials were collapsed into a single
“reward” condition, and contrasted with “no reward”
trials. In addition, there were no main or interactive
effects in no reward trials for either cue or feedbacke Neuroscience 11 (2015) 75–82
phases in regions of interest (the only signiﬁcant ﬁnd-
ings  were from a main effect of age in the postcentral
gyrus, precentral gyrus, and posterior insula); therefore
we  used the no reward condition as a common base-
line.
BOLD activity evoked in response to each reward cue
type  (reward, no reward) was time-locked to the onset
of  each cue, and convolved with a canonical model of
the  hemodynamic response function (HRF, Boynton et al.,
1996).  Based on the combined accuracy of the guess and
the  type of reward offered on a given trial, four outcome
types were also modeled: correct reward trials, correct
no  reward trials, incorrect reward trials, and incorrect
no reward trials. BOLD activity associated with each trial
outcome was time-locked to the onset of outcome presen-
tation, convolved with a canonical HRF function. Although
all  four outcome types were included in the GLM model,
analyses focused on the contrast between correct-reward
and correct-no-reward trials, which provides the most
direct  test of sensitivity to the receipt of reward. In addi-
tion  to task-dependent regressors, the full model also
included nuisance covariates representing each of the 6
estimated  motion time series provided by motion correc-
tion.
2.7.  Region of interest analyses
Several  lines of evidence point to the nucleus accum-
bens (NAcc) and surrounding areas of the VS as the likely
locus  for the interaction between social context, develop-
ment, and reward processing. In particular, the VS/NAcc has
been  implicated in many prior studies of reward processing
(including those using the High/Low Card Guessing Task,
Delgado et al., 2003; May  et al., 2004), in studies exploring
developmental differences during reward processing using
a  whole-brain analysis (e.g., Barkley-Levenson and Galvan,
2014;  Galvan et al., 2006) as well as those employing an
ROI-based method (e.g., Geier et al., 2010; Hoogendam
et al., 2013), and in our own prior work examining the
impact of social context manipulations during a risk-taking
task  (Chein et al., 2011). Accordingly, we  focused our pri-
mary  analyses on this region by creating anatomical masks
of  the bilateral NAcc, and used these masks as regions-
of-interest (ROI) to examine possible main and interactive
effects of age and social context. Bilateral NAcc masks were
localized  at MNI  coordinates (±) 14, 10, −10, and consisted
of  6 contiguous voxels in each hemisphere (see Fig. 2a). As a
comparison,  we  also explored activity in a prefrontal region
that  in prior work had exhibited age-dependent effects, but
no  sensitivity to a social context manipulation (Chein et al.,
2011).  This control ROI was  based on an anatomical mask
of  Brodman’s Area 46 bilaterally, centered at (±) 45, 37, 19,
and  included 10 voxels in each hemisphere.
Separate ROI analyses were conducted for the cue-
dependent and outcome-dependent phases of the task. To
explore  effects in each ROI, for each social context (Peer,
Alone) and phase (cue, outcome), we extracted the esti-
mated  percent signal change difference associated with
reward  vs. no reward events (i.e., the difference in the
beta  coefﬁcient estimates for each regressor type; Cue:
reward minus no-reward; Outcome: correct-reward minus
A.R. Smith et al. / Developmental Cognitive Neuroscience 11 (2015) 75–82 79
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Analysis of the prefrontal ROI yielded no main effect
of social context in the right hemisphere (F(1,36) = 1.24,
p  = 0.73, hp2 = 0.003); however, there was  a marginal effectig. 2. Region of interest analysis. (a). NAcc masks were anatomically d
nteraction  between age and social context during receipt of reward in th
he  (c) left NAcc, F(1, 36) = 3.94, p = 0.055, hp2 = 0.10.
orrect-no-reward), and averaged these values across all
oxels  included in the ROI. The individual subject aver-
ge  ROI data were then submitted to repeated-measures
NOVA conducted in SPSS, with age group as a between-
ubjects factor and social context as a within-subject factor.
.8.  Whole-brain analyses
Whole-brain  group analyses were performed using
ndividual subjects’ voxel-wise parameter estimates (beta
oefﬁcients) from a contrast of reward vs. no reward events
n  each phase (cue and outcome). Group analyses were per-
ormed  to identify regions exhibiting main and interactive
ffects of age and social context. For these analyses we used
 two-way, mixed-effects ANOVA with age group as the
etween-subjects factor and social context as the within-
ubjects factor. Separate ANOVAs were run for anticipation
cue) and receipt (outcome) of reward. All group maps were
orrected  for multiple comparisons using a voxel-wise
robability threshold (p < 0.005) and a contiguity require-
ent  (21 adjacent voxels) that, based on Monte Carlo
imulations, resulted in a family-wise error rate of p = 0.05.
ll  results are reported in MNI  coordinates.
. Results
.1. Region of interest analysesTwo  participants were excluded from the analyses
ecause their extracted average percent signal change
ithin the ROI represented signiﬁcant outliers (>2.5at 14, 10, −10 and −14, 10, 10. A repeated measures GLM revealed an
ht NAcc F(1, 36) = 4.04, p = 0.052, hp2 = 0.10, and a marginal interaction in
standard deviations from the mean) within their age
group.1
3.1.1. Anticipation of reward
A  repeated-measures GLM examining the effects of age
and  social context on anticipation of a possible reward
(vs. no reward) revealed no signiﬁcant main effects of
age  on activation in the right NAcc, F(1,36) = 0.09, p = 0.76,
hp2 = 0.003 or left NAcc, F(1,36) = 0.12, p = 0.73, hp2 = 0.003.
There was also no main effect of social context in the right
NAcc,  F(1,36) = 1.61, p = 0.21, hp2 = 0.04, but there was  a
signiﬁcant main effect of social context in the left NAcc,
F(1,36) = 7.14, p = 0.01, hp2 = 0.17, resulting from greater
relative NAcc activation in the Alone condition during
anticipation of reward. However, further inspection of this
effect  showed that activity in this ROI was not different
from zero in either the Alone or Peer condition (M = 0.197,
SD  = 0.57; M = −0.079, SD = 0.66, respectively), suggesting
that this apparent main effect may  be spurious. Finally, no
interaction effects between age and social context were
found  in the right or left NAcc, F(1,36) = 2.15, p = 0.15,
hp2 = 0.06, and F(1,36) = 1.28, p = 0.27, hp2 = 0.03, respec-
tively.1 All ANOVAs were checked for homoscedasticity and in three instances
the equality of variances assumption was  violated. In those cases the
Greenhouse–Geisser corrected analysis was examined, however the test
statistics did not change and therefore the original statistics are reported.
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Table  1
Whole-brain tests for main and interactive effects of receipt of reward and social context.
Region Coordinates
k x y z F
Main effect of age
Adolescents  > adults
Middle frontal gyrus 134 32 16 42 9.05
Inferior parietal lobule 38 34 −34 36 13.67
Precentral gyrus 25 54 −8 25 10.62
Ventral striatum 21  −7 3 −12 9.64
Main effect of social context No above threshold activation
ivation
 FWE  co
 coordinAge  × social context No above threshold act
Threshold used was p < 0.005 with a 21 voxel extent, which provided an
anterior–posterior, interior–superior, respectively; F = F-value at the peak
in the left lPFC (F(1,36) = 3.97, p = 0.06, hp2 = 0.09). In
addition, we found no signiﬁcant effects of age (right:
F(1,36) = 0.26, p = 0.61, hp2 = 0.007, left: F(1,36) = 0.31,
p  = 0.58, hp2 = 0.008), and no interaction between age and
social  context (right: F(1,36) = 0.02, p = 0.89, hp2 = 0.001,
left: F(1,36) = 2.45, p = 0.13, hp2 = 0.06), during the antici-
pation of a possible reward, compared to no reward.
3.1.2. Receipt of reward
A  repeated measures GLM examining the effects of
age  and social context following a correct guess and the
consequent receipt of reward (correct rewarded vs. no
reward  outcome) revealed no main effects of age in the
right  NAcc, F(1,36) = 0.63, p = 0.43, hp2 = 0.02, but there
was a signiﬁcant main effect of age in the left NAcc,
F(1,36) = 4.79, p = 0.04, hp2 = 0.12, (Adolescents: M = 0.18,
SE  = 0.09; Adults: M = (−)0.12, SE = 0.09), with adolescents
demonstrating greater NAcc recruitment than adults. There
was  no main effect of social context in the right or left NAcc,
F(1,36)  = 0.56, p = 0.46, hp2 = 0.02 and F(1,36) = 0.86, p = 0.36,
hp2 = 0.02, respectively. However, there was an interaction
between age and social context in both the right and left
NAcc,  F(1,36) = 4.04, p = 0.052, hp2 = 0.10, and F(1,36) = 3.94,
p  = 0.055, hp2 = 0.10, respectively (see Fig. 2b). Follow-
up t-tests indicated that adolescents exhibited a greater
bilateral striatal response in the presence of peers com-
pared  to adults (right NAcc: t(36) = 2.00, p = 0.052, d = 0.67;
left  NAcc: t(36) = 3.133, p = 0.003, d = 1.04), while no age
effect  was observed in the alone condition (right NAcc:
t(36) = −0.97, p = 0.34, d = 0.33; left NAcc: t(36) = −0.27,
p  = 0.79, d = 0.09), Paired samples t-tests of social context
did  not reach signiﬁcance within either group (Ado-
lescents: right NAcc: t(18) = 1.54, p = 0.14, d = 0.73; left
NAcc: t(18) = 1.77, p = 0.093, d = 0.83; Adults, right NAcc:
t(18) = −1.42, p = 0.18, d = 0.67; left NAcc: t(18) = −0.93,
p  = 0.37, d = 0.44). The pattern of this interaction was  con-
sistent  with the hypothesized peer effect, with adolescents
exhibiting greater activation of the NAcc during peer obser-
vation  compared to adults; however the difference in
adolescents’ VS response did not reach signiﬁcance for the
Alone  versus Peer conditions, and therefore did not fully
support  our hypotheses.When  probed for main and interactive effects on
correct outcome activation (i.e., receipt of reward), the pre-
frontal  ROI exhibited no patterns of interest. Tests for the
main  effect of social context (right: F(1,36) = 0.06, p = 0.81,rrected p < 0.05. k = cluster size; x, y, and z = MNI  coordinates, left–right,
ate.
hp2 = 0.002, left: F(1,36) = 0.02, p = 0.89, hp2 = 0.001), the
main effect of age (right: F(1,36) = 2.35, p = 0.13, hp2 = 0.06,
left:  F(1,36) = 0.94, p = 0.34, hp2 < 0.001), and the interac-
tion between age and social context (right: F(1,36) = 1.30,
p  = 0.26, hp2 = 0.04, left: F(1,36) = 0.009, p = 0.93, hp2 = 0.03)
were all non-signiﬁcant.
3.2.  Whole-brain analyses
3.2.1.  Anticipation of reward
A  two-way ANOVA during anticipation of reward pro-
duced no regions exhibiting a main effect of age. There
was  a signiﬁcant main effect of social context in only one
cluster,  located in the posterior cingulate cortex (−1, −35,
7).  Follow-up tests showed that this region was  activated
to  a greater extent when participants completed the task
alone  than with peer observers. No regions exhibited a sig-
niﬁcant  interaction between age and social context.
3.2.2. Receipt of reward
A  two-way ANOVA (age and social context) on receipt
of  reward (vs. correct no reward outcome) yielded sev-
eral  regions whose activity indicated a signiﬁcant main
effect  of age (see Table 1), including the left VS, with
adolescents exhibiting increased activation compared to
adults.  No regions demonstrated a signiﬁcant main effect of
social  context in whole-brain analyses, and no interactive
effects of age and social context were found after correcting
whole-brain data for overall family-wise error rates.
4.  Discussion
In this study we explored the hypothesis that ado-
lescents’ increased engagement of the reward system in
the  presence of peers is not speciﬁc to situations that
involve risky decision-making, but rather, is a fundamen-
tal  characteristic of reward processing during this stage of
development. While we  did not ﬁnd age differences in stri-
atal  engagement during reward anticipation, ROI analyses
revealed that, compared to adults, adolescents exhibited
greater engagement of the VS during receipt of reward
when their peers were watching.The fact that we  did not see age and/or social-context
dependent differences in NAcc engagement in response
to  the reward cue might seem surprising in light of
some prior evidence indicating age differences in reward
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nticipation (e.g., Bjork et al., 2004; Galvan et al., 2006;
alvan and McGlennen, 2013; Van Leijenhorst et al., 2009),
s  well as our own prior discovery that peers impact activity
n  this region in the moments leading up to a risky decision,
efore the outcome of the decision was determined (Chein
t  al., 2011). However, the reward literature provides con-
iderable  evidence that the timing of striatal activation is
ependent  on the reliability of reward cues (e.g., Schultz
t  al., 2007; Tricomi et al., 2004). Speciﬁcally, when a cue
eliably  predicts the eventual receipt of a reward, the stri-
tum  will activate in response to the cue, and before the
eward  is delivered (Tricomi et al., 2004). However, when
he  cue is not reliable (i.e., sometimes the cue predicts
eward and sometimes it does not), striatal activity remains
oked  to the actual delivery of the reward. In the present
ard-guessing paradigm, we ﬁxed the outcomes such that
alf  of the time a reward cue was rewarded (correct guess),
ut  half the time it was not (incorrect guess). Accordingly,
he cue in this paradigm did not provide a reliable sig-
al  regarding the payout of rewards, which may  explain
hy no age differences were observed in the VS during this
nticipatory phase, and why in this paradigm we ﬁnd that
dolescents engaged the VS to a greater extent than adults
uring  the receipt of rewards.
In  line with our predictions about the age-dependence
f peer effects, adolescents demonstrated greater VS acti-
ation  during receipt of reward during peer observation
ompared to their adult counterparts. While we had also
xpected that adolescents’ response to receipt of reward
ould be greater during the Peer condition than during the
lone  condition, this expectation was only partially borne
ut  – the within-group test for adolescents did not reach
tatistical signiﬁcance despite a fairly substantial increase
n  VS engagement in the Peer condition and despite fairly
arge  and consistent effect sizes in the bilateral NAcc (right,
 = 0.73; left, d = 0.83), suggesting that the lack of statistical
igniﬁcance may  have been due to limited power.
This is the ﬁrst study to ﬁnd that peer observation
ncreases striatal sensitivity to receipt of rewards, and
mportantly, that this effect is present outside of the
ontext of risk-taking. While our prior behavioral work
uggests that peers inﬂuence adolescents’ reward sensi-
ivity  even when no risk is involved (O’Brien et al., 2011;
eigard et al., 2013), the present study extends these
ndings by providing evidence that behavioral reward sen-
itivity  under peer observation may  be associated with
ncreased engagement of the VS. Importantly, the current
tudy  begins to disentangle reward sensitivity from other
spects  of risky decision-making that may  engage over-
apping brain circuitry. For instance, striatal engagement
uring risk-taking may  be a result of calculations associ-
ted  with risk predictions and prediction errors, rather than
imply  increasing the perceived beneﬁts of engaging in a
isky  behavior, which we have posited in our account of
eer  inﬂuence. The Card Guessing Task used in this study
equires subjects to make a decision between two choices
hat  are equivalent with regard to the likelihood of possi-
le  negative and positive outcomes (high vs. low) rather
han  choose between a risky or safe option, providing
urther evidence that heightened striatal activation dur-
ng  peer observation may  be related to increased rewarde Neuroscience 11 (2015) 75–82 81
sensitivity rather than changes in other aspects of the risk-
taking  process. While we cannot dismiss the possibility
that participants employed strategies that engaged deliber-
ative  processes, especially in light of a marginal peer effect
in  the lPFC during the decision-making phase of the task,
the  presence of this effect during receipt of reward, when
no  decisions are rendered, further supports the idea that
during  adolescence peers alter the experience of receiving
rewards.
Our  ﬁnding that peers enhance adolescents’ striatal
response to rewards, which may  indicate increased reward
sensitivity, even in contexts that involve no explicit risk-
taking,  has a number of implications for our understanding
of peer inﬂuence during adolescence. Most importantly,
this ﬁnding suggests that adolescents’ social environment
may  affect their behavior beyond the decision to engage (or
not)  in reckless activities. For instance, adolescents’ reward
sensitivity, and the manner in which it is inﬂuenced by the
social  context, could also affect adolescents’ involvement
in prosocial behaviors. For example, feeling rewarded by
the  mere presence of peers could motivate adolescents to
engage  in philanthropic activities when there is an oppor-
tunity  to do so with friends. Furthermore, education strate-
gies  aimed at providing explicit rewards to students during
classroom and extracurricular activities where peers are
present  may  prove beneﬁcial for student engagement.
Both our current and past ﬁndings provide evidence
that reward sensitivity and, importantly, activation of the
VS,  are a mechanism through which social context inﬂu-
ences  decision making behavior during adolescence. An
important future direction will be to determine whether
the  degree of striatal engagement during decision-making
and receipt of rewards in the presence of peers serves
as  a predictor of future behavior. By developing a better
understanding of the neural mechanisms that mediate peer
inﬂuences  on adolescent behavior we  may  be more suc-
cessful  in the implementation of informed interventions
aimed at reducing risky behaviors, and promoting positive,
prosocial behaviors during this developmental period.
Conﬂict of interest statement
The  authors have no actual or potential conﬂict of inter-
est  to disclose.
Acknowledgements
We  acknowledge support from the National Insti-
tute on Drug Abuse, NIH (R21DA022546-01), and the
National Institute on Alcohol Abuse and Alcoholism, NIH
(R01AA020006-01). We  also thank the research assistants
and  students who helped complete this project, especially
Kaitlyn Breiner and Dustin Albert.
Appendix A. Supplementary dataSupplementary data associated with this article can be
found,  in the online version, at http://dx.doi.org/10.1016/
j.dcn.2014.08.010.
Cognitiv82 A.R. Smith et al. / Developmental 
References
Albert, D., Chein, J., Steinberg, L., 2013. The teenage brain: peer inﬂuences
on adolescent decision making. Curr. Dir. Psychol. Sci. 22 (2), 114–120,
http://dx.doi.org/10.1177/0963721412471347.
Barkley-Levenson, E.E., Galvan, A., 2014. Neural representation of
expected value in the adolescent brain. Proc. Natl. Acad. Sci. U. S. A.
1–6, http://dx.doi.org/10.1073/pnas.1319762111/-/DCSupplemental.
Benningﬁeld, M.M., Blackford, J.U., Ellsworth, M.E., Samanez-
Larkin, G.R., Martin, P.R., Cowan, R.L., Zald, D.H., 2014. Caudate
responses to reward anticipation associated with delay dis-
counting behavior in healthy youth. Accid. Anal. Prev. 7, 43–52,
http://dx.doi.org/10.1016/j.dcn.2013.10.009.
Bjork, J.M., Knutson, B., Fong, G.W., Caggiano, D.M., Bennett, S.M., Hommer,
D.W., 2004. Incentive-elicited brain activation in adolescents: similar-
ities and differences from young adults. J. Neurosci. 24 (8), 1793–1802,
http://dx.doi.org/10.1523/JNEUROSCI.4862-03.2004.
Bjork, J.M., Smith, A.R., Chen, G., Hommer, D.W., 2010. Adolescents,
adults and rewards: comparing motivational neurocir-
cuitry recruitment using fMRI. PLoS ONE 5 (7), e11440,
http://dx.doi.org/10.1371/journal.pone.0011440.t003.
Boynton, G.M., Engel, S.A., Glover, G.H., Heeger, D.J., 1996. Linear systems
analysis of functional magnetic resonance imaging in human V1. J.
Neurosci. 16 (13), 4207–4221.
Chein,  J., Albert, D., O’Brien, L., Uckert, K., Steinberg, L., 2011.
Peers increase adolescent risk taking by enhancing activ-
ity in the brain’s reward circuitry. Dev. Sci. 14 (2), F1–F10,
http://dx.doi.org/10.1111/j.1467-7687.2010.01035.x.
Christakou, A., Brammer, M.,  Rubia, K., 2011. Maturation of limbic corti-
costriatal activation and connectivity associated with developmental
changes in temporal discounting. Neuroimage 54 (2), 1344–1354,
http://dx.doi.org/10.1016/j.neuroimage.2010.08.067.
Cox, R.W., 1996. AFNI: software for analysis and visualization of func-
tional magnetic resonance neuroimages. Comput. Biomed. Res. 29 (3),
162–173.
Delgado, M.R., Locke, H.M., Stenger, V.A., Fiez, J.A., 2003. Dorsal stri-
atum responses to reward and punishment: effects of valence
and magnitude manipulations. Cogn. Affect. Behav. Neurosci. 3 (1),
27–38.
Galvan, A., McGlennen, K.M., 2013. Enhanced striatal sensitivity to aver-
sive reinforcement in adolescents versus adults. J. Cogn. Neurosci. 25
(2),  284–296.
Galvan, A., Hare, T.A., Parra, C.E., Penn, J., Voss, H., Glover, G.,
Casey, B., 2006. Earlier development of the accumbens rel-
ative to orbitofrontal cortex might underlie risk-taking
behavior in adolescents. J. Neurosci. 26 (25), 6885–6892,
http://dx.doi.org/10.1523/JNEUROSCI.1062-06.2006.
Geier, C.F., Terwilliger, R., Teslovich, T., Velanova, K., Luna, B.,
2010. Immaturities in reward processing and its inﬂuence on
inhibitory control in adolescence. Cereb. Cortex 20 (7), 1613–1629,
http://dx.doi.org/10.1093/cercor/bhp225.
Hoogendam, J.M., Kahn, R.S., Hillegers, M.H.J., van Buuren, M., Vink,
M.,  2013. Different developmental trajectories for anticipation and
receipt of reward during adolescence. Accid. Anal. Prev. 6, 113–124,
http://dx.doi.org/10.1016/j.dcn.2013.08.004.e Neuroscience 11 (2015) 75–82
Jarcho,  J.M., Benson, B.E., Plate, R.C., Guyer, A.E., Detloff, A.M., Pine, D.S.,
et  al., 2012. Developmental effects of decision-making on sensitiv-
ity to reward: an fMRI study. Accid. Anal. Prev. 2 (4), 437–447,
http://dx.doi.org/10.1016/j.dcn.2012.04.002.
Krain, A.L., Hefton, S., Pine, D.S., Ernst, M.,  Xavier Castellanos, F.,
Klein, R.G., Milham, M.P., 2006. An fMRI examination of devel-
opmental differences in the neural correlates of uncertainty and
decision-making. J. Child Psychol. Psychiatry 47 (10), 1023–1030,
http://dx.doi.org/10.1111/j.1469-7610.2006.01677.x.
Lamm, C., Benson, B.E., Guyer, A.E., Perez-Edgar, K., Fox, N.A., Pine,
D.S., Ernst, M.,  2014. Longitudinal study of striatal activa-
tion to reward and loss anticipation from mid-adolescence
into  late adolescence/early adulthood. Brain Cogn., 1–10,
http://dx.doi.org/10.1016/j.bandc.2013.12.003.
May, J.C., Delgado, M.R., Dahl, R.E., Stenger, V.A., Ryan, N.D.,
Fiez, J.A., Carter, C.S., 2004. Event-related functional mag-
netic resonance imaging of reward-related brain circuitry in
children and adolescents. Biol. Psychiatry 55 (4), 359–366,
http://dx.doi.org/10.1016/j.biopsych.2003.11.008.
O’Brien, L., Albert, D., Chein, J., Steinberg, L., 2011. Ado-
lescents prefer more immediate rewards when in the
presence of their peers. J. Res. Adolesc. 21 (4), 747–753,
http://dx.doi.org/10.1111/j.1532-7795.2011.00738.x.
Padmanabhan, A., Geier, C., Ordaz, S., Teslovich, T., Luna, B., 2011. Develop-
mental changes in brain function underlying the inﬂuence of reward
processing on inhibitory control. Dev. Cogn. Neurosci. 1 (4), 517–529,
http://dx.doi.org/10.1016/j.dcn.2011.06.004.
Richards, J.M., Plate, R.C., Ernst, M.,  2013. A systematic review of
fMRI reward paradigms used in studies of adolescents vs. adults:
the impact of task design and implications for understand-
ing neurodevelopment. Neurosci. Biobehav. Rev. 37 (5), 976–991,
http://dx.doi.org/10.1016/j.neubiorev.2013.03.004.
Schultz, W.,  Dayan, P., Montague, P.R., 2007. A neural substrate of predic-
tion and reward. Science 275, 1594–1599.
Smith, A.R., Chein, J., Steinberg, L., 2014. Peers increase adolescent risk
taking even when the probabilities of negative outcomes are known.
Dev. Psychol., http://dx.doi.org/10.1037/a0035696.
Teslovich,  T., Mulder, M.,  Franklin, N.T., Ruberry, E.J., Millner, A.,
Somerville, L.H., et al., 2013. Adolescents let sufﬁcient evidence accu-
mulate before making a decision when large incentives are at stake.
Dev. Sci. 17 (1), 59–70, http://dx.doi.org/10.1111/desc.12092.
Tricomi, E.M., Delgado, M.R., Fiez, J.A., 2004. Modulation of caudate activity
by  action contingency. Neuron 41, 281–292.
Van Leijenhorst, L., Crone, E.A., Bunge, S.A., 2006. Neural corre-
lates of developmental differences in risk estimation and
feedback processing. Neuropsychologia 44 (11), 2158–2170,
http://dx.doi.org/10.1016/j.neuropsychologia.2006.02.002.
Van Leijenhorst, L., Zanolie, K., Van Meel, C., Westenberg, P.M., Rombouts,
S., Crone, E.A., 2009. What motivates the adolescent? Brain regions
mediating reward sensitivity across adolescence. Cereb. Cortex 20 (1),
61–69, http://dx.doi.org/10.1093/cercor/bhp078.
Weigard, A., Chein, J., Albert, D., Smith, A., Steinberg, L., 2013.
Effects of anonymous peer observation on adolescents’
preference  for immediate rewards. Dev. Sci. 17 (1), 71–78,
http://dx.doi.org/10.1111/desc.12099.
